We report on a systematical study of the structure, magnetism, and magnetotransport behavior of the hexagonal MnNiGa films deposited on thermally oxidized Si (001) substrates by magnetron sputtering. X-ray diffractions reveal that all the films deposited at different temperatures crystallized in hexagonal Ni 2 In-type structure (space group P6 3 /mmc). Scanning electron microscopy observations show that the surface morphology of the films varies with deposition temperature, and energy dispersive spectroscopy analysis shows compositions of the films remain nearly unchanged, independent of the deposition temperature. Magnetic measurements indicate that all films are ferromagnetic and exhibit a magnetic anisotropy behavior. The magnetoresistance (MR) exhibits a negative temperature-and field-dependent behavior. The possible origin of the negative MR is discussed. Furthermore, we found that the Hall effect is dominated by an anomalous Hall effect (AHE) only due to skew scattering independent of the deposition temperature of films. Moreover, the anomalous Hall resistivity presents a non-monotonously temperature-dependent behavior. 
I. INTRODUCTION
Materials with high perpendicular magnetic anisotropy (PMA) have attracted great attention as they have broad application prospect in the field of spintronics. For example, from the view point of application, spintronics devices possessing a perpendicular magnetic easy axis have a potential for realizing next-generation high-density nonvolatile memory, since they can satisfy the thermal stability requirement but also have no limit of cell aspect ratio, compared to magnetic random access memory (MRAM) devices based on in-plane anisotropy. [1] [2] [3] Recently, thin films exhibiting PMA are of particular importance for spintronic applications. The spin valves 3, 4 and the magnetic tunneling junctions (MTJs) [2] [3] [4] [5] [6] [7] made of films with high PMA allow the realization of low dimensional and highly-reliable spintronic devices with a better performance. To this end, a number of PMA materials, including rare-earth/transition metal alloys, 2, 8 L1 0 -ordered FePt, [9] [10] [11] [12] have been investigated as both bulk and film forms. However, these PMA materials and structure use noble metals with high spinorbit coupling, which has a large damping constant and thus increases largely the switching current in spintronic devices. 13 Lately, intermetallic compounds made of films such as Mn X Ga Heusler alloys with a tetragonal crystal structure have been proposed to be an appropriate candidate for realizing PMA with low damping constant. [14] [15] [16] In general, to obtain a high PMA, materials with low crystal symmetry structure are strongly desired. Thus, materials with hexagonal structure for their low symmetry should be an ideal candidate for possessing big PMA. Recently, the ferromagnetic martensitic transformation (FMMT) [17] [18] [19] [20] and magnetocaloric effects [21] [22] [23] [24] have been found in hexagonal MM 0 X (M, M 0 ¼ transition metals, X ¼ Si, Ge, Sn) compounds with the Ni 2 In structure. [25] [26] [27] Very importantly, in these hexagonal compounds the magnetic-ordering (Curie or N eel) temperatures of the martensite are higher than those of the austenite (see Ref. 20) . This large material pool provides a platform for the expected magnetostructural transition mentioned above. As one of the important hexagonal materials, the stoichiometric MnNiGe compound undergoes a martensitic transition at a quite high temperature of T t ¼ 470 K from the hexagonal ordered Ni 2 In-type structure (P6 3 /mmc, 194) to the orthorhombic TiNiSi-type structure (Pnma, 62) (Refs. 28-30; see Fig. 1 ). Figure 1 shows the typical crystal structure of hexagonal MnNiGa compound with these three atoms following special rules of the placeholder, 25 i.e., 2Mn at 2(a):0,0,0; 0,0,1/2; 2Ni at 2(d):1/3, 2/3, 3/4; 2/3, 1/3, 1/4; 2Ga at 2(c): 1/3, 2/3, 1/4; 2/3, 1/3, 3/4. However, there are rare reports about these hexagonal MM 0 X films. Therefore, it is of great interest to find new characters in the hexagonal ternary compounds. In this study, we first realized the formation of hexagonal ferromagnetic MnNiGa thin films with the Ni 2 In structure successfully, which will be greatly useful for spintronic applications. In the following, we will discuss details of both theoretical and experimental studies of the thin films.
II. EXPERIMENTAL AND COMPUTATIONAL ASPECTS
The MnNiGa thin films were deposited on thermally oxidized SiO 2 /Si (001) substrates by DC magnetron sputtering from a stoichiometric Mn 33 and the purity is 99.9% in a high vacuum sputtering system. The silicon substrate was cut along (100) with a 300 nmthick amorphous SiO 2 layer which prevents the diffusion process and interfacial reaction between MnNiGa film and substrate. 31, 32 The base pressure of the chamber was less than 5 Â 10 À5 Pa before sputtering, and the Ar gas was kept at 5 mTorr during sputtering while a constant sputter power of 100 W was used. Prior to film growth, the target was presputtered for 10 min with closed magnetron shutter in order to reduce contamination of the target surface. The films were deposited at substrate temperatures ranging from 300 up to 500 C. The thicknesses of the films discussed here are, typically, 100 nm, as determined by weighing after preparation with a Sartorius Ultramicro Balance. The typical deposition rate was 0.062 nm/s which varied slightly with the substrate temperature.
The band structures of MnNiGa were calculated by means of the CASETP code based on a pseudopotential method with a plane-wave basis set. 33 The exchange and correlation effects were treated using the generalized-gradient approximation (GGA). 34 For all cases, an energy cut-off of 400 eV for the plane-wave expansion and a Monkhorst-Pack special k-point mesh of 12 Â 12 Â 12 were used for Brillouin zone integrations. The convergence tolerance for the calculations was selected as a difference in total energy within 1 Â 10 À6 eV/atom. From the thermodynamic viewpoint, we calculated the formation energy of being À0.101 eV per formula indicating the hexagonal MnNiGa phase is very stable. Besides, the experimental lattice constants are used in the calculation.
The crystal structure of samples was characterized by ex-situ X-ray diffraction (XRD) with Cu K a radiation (k ¼ 1.5418 Å ) at room temperature. The topography of the MnNiGa thin films was observed using field-emission scanning electron microscopy (FE-SEM). Energy dispersive spectroscopy (EDS) measurements were carried out to determine the chemical composition for the MnNiGa films. Magnetic and magnetotransport measurements were performed by a Quantum Design Physical Property Measurement System (PPMS) with vibrating sample magnetometer option and alternating current (ac) transport option, respectively. Sample area and thickness were used to calculate the specific saturation magnetization. Figure 2 shows the calculated electronic band structures and density of states (DOS) of MnNiGa by using first-principles calculations. It is obvious that both of the majority-spin and minority-spin electrons exhibit metallic behavior. In the DOS, the numbers of majority and minority electrons differ at the Fermi level, leading to a spin-polarized electronic structure of a 33% bulk spin polarization. However, along G-A direction, the material has a 100% spin polarization. Meanwhile, the asymmetric band character results in a measurable net magnetization of the material and a number of unusual magnetically based physical properties.
III. RESULTS AND DISCUSSIONS
The experimental and calculated room-temperature X-ray diffraction (XRD) patterns for MnNiGa in which the former corresponding to a series of 100 nm-thickness MnNiGa films deposited at different substrate temperatures were shown in Figure 3 . Aiming to get clear inspection of the main peaks, the X-ray spectra range of 20 -60 is displayed. As shown in Figure 3 , the experimental XRD patterns clearly have the Ni 2 In-type structure, evidenced by the sharp dominant peaks and can be indexed on the basis of the hexagonal Ni 2 In-type structure (space group P6 3 /mmc), with lattice parameters were evaluated as being a ¼ b ¼ 4.15 Å , c ¼ 5.32 Å , nearly equal to the bulk value. 35 With respect to different sputter temperatures, we found that it is hard to observe the major peak (110) at 2h ¼ 43. 6 at low deposition temperature (300 C). Moreover, there are two peaks unidentified unambiguously denoted by the solid black circles (᭹) due to a large number of phases present in Ni-Mn-Ga alloy systems. The two unidentified diffractions denoted by the solid black circles (᭹) were also shown in JCPDS (07-0150) of Ga 1.4 Ni 2.5 and JCPDS (65-7366) of Ga 3 Ni 2 . Moreover, it's worth noting that the unidentified secondary phase is non-ferromagnetic from the M-T curves (not shown here). Furthermore, weak peak intensities of the superlattice result in small order parameters of MnNiGa films, leading to the inconsistence between the calculated and experimental total magnetic moment mentioned below. Thus, it is essential to increase the order parameter of MnNiGa films by means of annealing or growing suitable buffer layers.
To obtain more structural information, we have also measured the microstructure of all the specimens. Figure  4 (a) shows the typical FE-SEM surface images of 100 nmthickness MnNiGa films deposited at 300 C, 400 C, 450 C, and 500 C, respectively. The morphology of the films varies with deposition temperature. The film deposited at 300 C was found to be continuous with fine grains and a smoothfaced homogeneous status. However, the surface of films deposited at higher temperature is coarse and rough, with grain size increasing with temperatures, due to atomic consolidation starting from fine grain to coarse grain when deposition temperature levels are moved from low to high. This indicates that the increase of deposition temperature induces coarsening in the thin films owing to the increase of grain size and the interconnection of grains.
The compositions of films were determined by EDS. A typical spectrum for the 100 nm-thickness MnNiGa film deposited at 500 C is shown in Figure 4 (b). The results of the quantitative composition analysis of all the films after background subtraction are summarized in Table I . Only a slight composition change with deposition temperature was observed for the MnNiGa films, indicating negligible composition loss during the deposition of the thin film. Moreover, all films exhibit a uniform chemical deviation compared with the target, i.e., the gallium content was found to be higher while the nickel and manganese contents were lower. These differences of chemical compositions of the films are mainly attributed to the different sputtering yields between Mn, Ni, and Ga atoms. 36 The magnetic properties of the 100 nm-thickness MnNiGa films were investigated by VSM at RT. Figure 5 displays the in-plane hysteresis loops, recorded at room temperature, for the films deposited from 300 C to 500 C, respectively. The M-H curves reflect a good ferromagnetic FIG. 3 . XRD spectra of both the calculated hexagonal MnNiGa and experimental 100 nm-thickness MnNiGa thin films deposited at substrates ranging from 300 to 500 C at room temperature. The peaks with the asterisk (*) belong to the silicon dioxides, which are difficult to index due to their complex phases; the peaks denoted by the solid black circles (᭹) are unidentified phases. behavior with magnetic saturation values varying from 135 emu/cc (for the film deposited at 450 C) to 338 emu/cc (for the film deposited at 500 C) and exhibit a high saturation field around 5000 Oe, independent of the deposited temperature. It is worth mentioning that the deposition temperature dependence of the magnetization in saturation is associated with the Mn content of the films. Theoretical calculation shows that in the hexagonal phase the magnetic moments are localized on the Mn atom only. 37 Besides, our theoretical value about the total magnetic moment is predicted to be 3.38 l B per formula unit (Ni: 0.3 l B , Mn: 3.08 l B ), which is higher than the experiment result of 2.48 l B /formula for the 500 C film. Based on this, we conclude that ferromagnetism in our hexagonal MnNiGa alloys mainly originates from Mn atoms. The inset in Figure 5 shows a typical in-and out-of-plane M-H curve of the 400 C deposited 100 nm-thickness MnNiGa film. A clear inplane easy axis of magnetization at RT was observed, i.e., the in-plane curve is well-squared and narrow. However, the out-of-plane M-H curve is titled, which is mainly due to the demagnetizing field, and the M-H curve reaches its saturation value at a magnetic field of 1.5 T. Besides, the dominant shape anisotropy contributes to the in-plane easy axis of MnNiGa films.
The temperature-dependent zero-field longitudinal resistivities (q xx ) of all the 100 nm-thickness MnNiGa films in the range from 2 K to 300 K are shown in Figure 6 . All of the samples show similar temperature dependence, and resistivity changing with temperature seems somewhat complex: on cooling the specimens from room temperature, the resistivity first slightly increases, and then achieves the maximum at T % 260 K, 275 K, and 255 K for 300 C, 400 C, and 500 C deposited films, respectively, at which point the slope changes from negative to positive. Usually, the observation of a maximum in q xx denotes that the transport in this temperature range is strongly affected by scattering effects, in agreement with the same phenomenon for Mn-Si films. 38 Finally, the resistivity decreases with decreasing temperature expectedly; we found that at the low-temperature region the resistivity curve can be well fitted by a power law T a with a % 2, which is commonly seen in ferromagnetic metals. It is well known that, the resistivity q(T) of magnetic metals has three main contributions: scattering of charge carriers at lattice defects (impurity atoms or atomic disorder), lattice vibrations (phonons), and spin disorder. The scattering at lattice defects is generally independent of T. The contribution of phonons increases with increasing temperature and is proportional to T at high temperature. In magnetic metals, a term proportional to T 2 is commonly seen at low temperatures. Usually, we ascribed it to one-magon scattering of conduction electrons (electron undergoes a spin-flip in an inelastic scattering process involving the creation or annihilation of a magnon). 39 Besides, at temperature below 25 K, we found that the resistivities are almost temperatureindependent (see the inset in Figure 6 ). This low-temperature plateau behavior is of the same type as observed in some limited Heusler alloys, e.g., Co 2 MnSi, 40 Co 2 MnGe, 41 and Co 2 FeAl. 42 Singh et al. attributed it to the absence of one magnon channel in the half-metallic ferromagnetism in Ref. 40 . Obviously, this interpretation is not feasible here because of our only 33% spin polarization in Figure 2 . We call especial attention to the low temperature dependence; however, a reasonable explanation for the temperatureindependent behavior of the resistivity is not clear. Further investigation is needed to gain a detailed understanding of the processes.
Magnetoresistance (MR) measurements were performed using a standard four-point probe method in current in the film plane configuration. The external magnetic field was perpendicular to the film plane and cycled from 0 T to 65 T and back to 0 T. MR curves as a function of magnetic field at different temperatures for MnNiGa films deposited at 300 C and 450 C are plotted in Figures 7(a) and 7(b) , respectively. The MR was calculated using the formula MR ¼ [R(H) -R(0)]/R(0), where R(H) is the resistance under a finite magnetic field and R(0) under zero field. Obviously, the overall patterns show a negative linear dependence on the magnetic field and present systematic variation with temperature over 43, 44 External magnetic fields suppress the fluctuations and thereby reduce the s-d scattering, resulting in negative MR. Furthermore, it is noteworthy that, unlike the magnetization, no signs of saturation at fields up to 5 T were observed. Whereas, these characteristics make these MnNiGa alloys ideally suitable for the development of magnetoresistive devices such as magnetic field sensors. 45, 46 One plausible explanation for the unsaturated negative MR is that the deposited MnNiGa films are somewhat magnetically inhomogeneous medium containing nonaligned magnetic clusters on a microscopic scale. As the magnetic field increases, these ultrafine magnetic clusters gradually align their magnetic moments with the external magnetic field, resulting in a decrease in the spin-dependent resistance of the samples. 38 Another possibility is the formation of spinglass-like areas around grain boundaries and near nonmagnetic phase (as it was reported in Ref. 47 for granular systems).
Figures 8(a) and 8(b) show the results of the Hall resistivity q xy as a function of magnetic field H (H ? thin film) at various temperatures for the two typical 300 C-deposited and 450
C-deposited 100 nm-thickness samples. Both the magnitude of the Hall signal and the temperature dependence are similar between the two samples. Unlike in nonmagnetic metals, the q xy curves at all temperatures show a clearly nonlinear dependence on the magnetic field and even hysteresis behavior at low fields, thus indicating that the measured Hall resistivity is dominated by the AHE in our samples. Moreover, the q xy curves in the high-magnetic-field region have a positive slope due to the OHE, which indicates p-type conduction. In principle, the q xy in ferromagnetic metals can be expressed as q xy ¼ R o B þ R s l 0 M, where R o and R s are the ordinary and anomalous Hall coefficients, respectively, B is the magnetic field, and M is the magnetization. The first term (R o B) denotes the ordinary Hall effect (OHE), 48 and the second term (R s l 0 M) denotes the anomalous Hall effect (AHE). 49 The ordinary Hall coefficient R o from the Lorentz force on the conduction electron is at least one order of magnitude smaller than R s , and one can neglect OHE in the analysis of the AHE. While, the AHE is proportional to M and C -deposited 100 nm-thickness MnNiGa films, respectively, in magnetic fields applied perpendicular to the plane.
conventionally originates from the asymmetric scattering process involving a spin-orbit interaction.
As we have mentioned above, the OHE contribution to the total Hall effect can be neglected. As a result, by extrapolating the high field q xy (H) to zero, we obtained q AHE at each temperature. Figure 9 (a) shows the AHE resistivity (q AHE ) of 300 Cdeposited and 450 C-deposited 100 nm-thickness MnNiGa films at H ¼ 0 as a function of temperature. Very interestingly, the q AHE presents a non-monotonously temperature-dependent behavior; that is, q AHE increases with the increasing temperature, achieving a maximum at about 200 K, and then it descends with further increasing temperature. Clearly, the temperature-dependent behavior cannot be explained by the traditional AHE theory, 50 which is predicted to be proportional to the magnetization and therefore q AHE should decrease monotonously with increasing temperature. Fang et al. 51 found that the AHE of metallic SrRuO 3 shows a similar behavior, that is, q AHE changes non-monotonously with temperature even includes a sign change. About the origin for this unusual temperature-dependent behavior requires further research.
In the following, we will discuss the origin of AHE. In the classical model of AHE for ferromagnetic metals, the AHE resistivity is given by q AHE ¼ aq xx þ bq xx 2 , 50 where q xx is the longitudinal resistivity and a and b are constants. The linear term in q AHE is attributed to asymmetric skew scattering of charge carriers, a process which derives from the classical Boltzmann equation. On the other hand, the quadratic term in q AHE is attributed to asymmetric side jumps, which are a purely quantum scattering process. In Figure 9 (b), we plot q AHE as a function of the longitudinal resistivity q xx at different temperatures for the 300 C and 400 C -deposited 100 nm-thickness films, respectively. A clear quasi-linear relationship is observed. This implies that the measured temperature dependence of the AHE in the MnNiGa films is mainly dominated by skew scattering. Nevertheless, our experimental results cannot indicate whether the AHE is intrinsic or extrinsic, as have been pointed out by Lee et al. 52 in the ferromagnetic CuCr 2 Se 4-x Br x spinel system.
IV. CONCLUSION
We have studied the structural, electronic structure, magnetic, and magnetotransport properties of hexagonal MnNiGa films deposited on SiO 2 /Si substrates by magnetron sputtering method at temperatures ranging from 300 C to 500 C. The surface morphology of the films changes from continuous to coarse and rough with the increasing deposition temperature at the same time with grain size gradually growing up due to atomic consolidation. The room temperature M-H curves reveal a magnetic anisotropy behavior with an easy axis of in-plane derived from shape anisotropy. Besides, we found that the ferromagnetism of our hexagonal MnNiGa originates from Mn atom mainly. An analysis about electrical transport properties reveals that one-magon scattering of conduction prevails at low temperature with expressing it in the form of T 2 term in the longitudinal resistivity. The magnetoresistance exhibits an anomalous negative temperature-and field-dependent behavior. The origin of the negative MR is mainly attributed to spin-dependent scattering. We have also measured the Hall effect as a function of temperature and magnetic field. We found that the Hall effect is dominated by an anomalous Hall effect (AHE) only due to skew scattering independent of the deposition temperature of films. Furthermore, a non-monotonously temperature-dependent behavior was observed in the anomalous Hall resistivity, which needs further study in the future. FIG. 9 . Anomalous Hall resistivity (q AHE ) of (a) temperature and (b) longitudinal resistivities (q xx ) for the 100 nm-thickness MnNiGa films with different deposited temperatures.
